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InEscherichia coli, secretory proteins (preproteins) are translocated
across the cytoplasmic membrane by the Sec system composed of a
protein-conducting channel, SecYEG, and an ATP-dependent motor
protein, SecA.After bindingof thepreprotein toSecYEG-boundSecA,
cycles of ATP binding and hydrolysis by SecA are thought to drive the
stepwise translocation of the preprotein across the membrane. To
address how the length of a preprotein substrate affects the SecA-
driven translocationprocess,we constructedderivatives of the precur-
sor of the outer membrane protein A (proOmpA) with 2, 4, 6, and 8
in-tandem repeats of the periplasmic domain. With increasing
polypeptide length, an increasing delay in the time before full-length
translocation was observed, but the translocation rate expressed as
amino acid translocation per minute remained constant. These data
indicate that in the ATP-dependent reaction, SecA drives a constant
rate of preprotein translocation consistentwith a steppingmechanism
of translocation.
Translocation of secretory proteins (preproteins) across the cytoplasmic
membrane of Escherichia coli is mediated by a multisubunit membrane-
embedded complex termed “translocase” (1). Translocase consists of a pro-
tein-conducting channel, SecYEG, and a peripheral ATPase, SecA. During
or shortly after synthesis, the chaperone SecB binds the preprotein, main-
tains it in a translocation-competent state, and targets it to the SecYEG-
boundSecA (2, 3). Subsequently, thepreprotein is translocated through the
SecYEGporeusing the energy fromATPhydrolysis and theproton-motive
force (4–6).
In eukaryotes two hypotheses for the translocation of proteins across
organellar membranes have been proposed: the “power-stroke” and the
“molecular ratchet” mechanism (7–9). In prokaryotes the same mech-
anisms could drive the translocation of preproteins across the cytoplas-
mic membrane. In the power-stroke model, SecA would act as a force-
generating motor; it binds to the preprotein, pushes it into the channel
by binding of ATP, and then releases it in the channel upon the hydro-
lysis of ATP. Experimental evidence suggests that consecutive unfolded
polypeptide segments of5 kDa are threaded through the SecYEGpore
by cycles of ATP binding and hydrolysis at SecA (10–12). However, it is
not clear whether this fixed step size is maintained throughout the
translocation reaction. This stepwise translocation model (or power-
stroke model) predicts that the time required for the translocation of a
preprotein is directly correlated to its length. Likewise, the amount of
ATP required for translocation would be a linear function of the pre-
protein length. On the other hand, different factors may delay or accel-
erate translocation and the timing of the events. For instance, mildly
hydrophobic polypeptide segments cause the accumulation of specific
translocation intermediates that are stalled in the translocation pore
(13). Such polypeptide segments likely slow down the overall transloca-
tion reaction.
The second model, known as molecular ratchet-like (or thermal
ratchet/Brownian ratchet) mechanism (9, 14), suggests that the prepro-
tein translocation through the pore is driven by Brownian motion. In
this scenario, SecA binding would prevent backsliding of the preprotein
into the cytoplasm, thereby providing directionality to the translocation
reaction. Consequently, an arrest in the translocation reaction may be
followed by hysteresis movements of the polypeptide chain within the
translocation pore. This will drive the preprotein back and forth toward
an energy minimum that is dictated by favorable interactions between
preprotein and SecYEG pore wall and/or folding of the preprotein on
either side of the membrane. Indeed, when SecA is physically removed
from the SecYEG pore, hysteresis movements of a preprotein translo-
cation intermediate in the translocation channel have been observed
(10, 15). The molecular ratchet model therefore predicts that the trans-
location kinetics are determined mainly by the physicochemical prop-
erties (i.e. folding characteristics and amino acid composition) of the
preprotein. In this model, SecA-mediated translocation steps will be of
variable sizes.
Basic questions on the translocation kinetics that may discriminate
between the two translocation models have not yet been addressed
experimentally. For instance, how does the length of a preprotein sub-
strate affect the kinetics and energetics of translocation? To examine
these questions, we have investigated the SecA-mediated translocation
kinetics using a quantitative fluorescent assay. To increase the length of
a preprotein, we constructed precursor of the outer membrane protein
A (proOmpA)2 derivatives with 2, 4, 6, and 8 in-tandem repeats of the
periplasmic domain. This resulted in a large size range of the preprotein
from 347 to maximum 1397 amino acids. Quantitative analysis of the
translocation kinetics of proOmpA versus extended proOmpA variants
revealed that the time required to detect full-length translocation
depends on the preprotein length and ATP concentration, whereas the
rate of amino acid translocation is independent of preprotein length.
These data indicate that in the ATP-dependent reaction SecA drives a
constant rate of preprotein translocation.
EXPERIMENTAL PROCEDURES
Strains and Materials—Inner membrane vesicles (IMVs) containing
overproduced SecYEG were isolated from E. coli strain NN100 (SF100,
unc) (16) containing plasmid pET605 (17). These membranes lack the
entire F1F0-ATPase complex and consequently are unable to generate a
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proton-motive force upon addition of ATP. SecA (18) and His-tagged
SecB (19) were purified as described previously.
Introduction of Multiple Periplasmic Domains into ProOmpA—Cys-
teine-lessOmpA from plasmid pNN208 was cloned into pUC19, result-
ing in plasmid pEK200. Next, a cysteine codon was introduced at the
extreme 5-end of the ompA gene (pEK201) using the QuikChangeTM
site-directed mutagenesis kit (Stratagene). Subsequently, two unique
restriction sites were introduced: (i) a SalI site at the hinge region
between the -barrel and the periplasmic domain, and (ii) a XhoI site
just before the cysteine residue at theC terminus (pEK203). The SalI and
XhoI restriction sites have compatible cohesive ends that enable the
duplication events. To duplicate the periplasmic domain, plasmid
pEK203 was digested with EcoRI and XhoI and the fragment encoding
OmpA without C-terminal cysteine residue was isolated (fragment A).
Digestion of plasmid pEK203 with SalI and EcoRI resulted in a fragment
encoding the periplasmic domain with the remaining vector (fragment
B). Ligation of both fragments (AB) results in an ompA gene with an
additional periplasmic domain and a remaining XhoI restriction site
that can be used for introduction of additional periplasmic domains.
Using the procedure described above, an ompA gene with 2, 4, 6, and 8
in-tandem repeats of the periplasmic domain was obtained (pEK206,
pEK208, pEK209, and pEK210, respectively). For overproduction of
proOmpA (termed proOmpA-P1) and proOmpAderivatives P2, P4, P6,
and P8, genes encoding corresponding proteins were cloned (BamHI,
HindIII) into expression vector pJF118, giving plasmids pEK204,
pEK211, pEK212, pEK213, and pEK214, respectively.
Purification and Labeling of ProOmpA and ProOmpA Deriva-
tives—ProOmpAandproOmpAderivativeswere overproduced at 30 °C in
strain MM52 (F, lacU169, araD139, rpsL, thi, relA, ptsF25, deoC1,
secA51) (20). After harvesting the cells, inclusion bodies were purified as
described (21). ProOmpAandproOmpA-P2, P4, andP6were further puri-
fied using a Q-Sepharose column (Amersham Biosciences). ProOmpA-P8
was purified by gel filtration on a Superose 6HR10/30 column (Amersham
Biosciences) in50mMglycine,pH10.0, 8Murea, 1mMdithiothreitol (buffer
A). Fractions containing proOmpA-P8were pooled and concentrated on a
Q-Sepharose column (AmershamBiosciences) in buffer A or by the use of
Centriprep YM-50 columns (Amicon Bioseparations). After purification,
proteins were dialyzed against 50 mM bis-Tris propane, pH 7.4, 6 M urea
(buffer B). ProOmpA-P1 and proOmpA derivatives were labeled with flu-
orescein maleimide (Molecular Probes) as described previously (22). Free
label was removed by extensive dialysis against buffer B. Proteins were
stored at 80 °C. The labeling efficiency of the proteins was determined
using absorbance values at 280 and 490 nm, respectively.
In Vitro Translocation Reactions—In vitro translocation of fluoresce-
in-labeled preprotein (22) was assayed as described previously (23).
Briefly, reactionswere performed in translocation buffer (50mMHepes-
KOH, pH 7.5, 5 mMMgCl2, 50 mM KCl, 2 mM dithiothreitol, 0.1 mg/ml
of bovine serum albumin with 40 g/ml of SecB, 40 g/ml of SecA, and
100 nM urea-denatured preprotein (proOmpA-P1 or P2, P4, P6, P8).
IMVs containing high SecYEG levels (derived from E. coliNN100) were
added to a final concentration of 40 g/ml. Reactions were started by
the addition of 1 mM ATP and incubated for various times at 37 °C.
Reactions were stopped by chilling on ice. Non-translocated material
was degraded by proteinase K treatment (11); thereafter, the translo-
cated material was analyzed by SDS-PAGE followed by direct in gel
visualization using a Roche Lumi Imager F1 (Roche Applied Science)
(22). Translocation efficiency is expressed as percent of input protein.
The time required to detect full-length translocation was determined
from gels that have been exposed for 1 s using the fluorescence Imager.
To analyze the effect of theATP concentration on the kinetics of protein
translocation, the in vitro translocation assay, as described above, was
performed with low concentrations of ATP (5–100 M) in the presence
of an ATP regeneration system (10 mM phosphocreatine and 50 g/ml
of creatine kinase).
Translocation ATPase Assay—Translocation ATPase activity of the
different proOmpAderivativeswas determined by taking samples in the
linear range of protein translocation and measuring the amount of
released free phosphate using the malachite green assay (24). All meas-
urements were done in triplicate, and values were corrected for back-
ground ATPase activity.
Other Techniques—Protein concentrations were determined using
a DC protein assay kit (Bio-Rad) with bovine serum albumin as a
standard.
RESULTS
Construction and Purification of ProOmpA Derivatives with Mul-
tiple Copies of the Periplasmic Domain—Previous in vitro studies
using low concentrations of ATP suggested that SecA-driven protein
translocation is a stepwise process with the occurrence of discrete
translocation intermediates (11). To examine the SecA-driven translo-
cation reaction at normal ATP levels, we decided to investigate how the
length of the preprotein affects the kinetics of translocation. A widely
used substrate in in vitro protein translocation studies is the precursor
of outer membrane protein A (proOmpA). OmpA consist of two
domains, an N-terminal hydrophobic -barrel that is embedded in the
outer membrane (25) and a C-terminal domain that is exposed to the
periplasm (26). As the C-terminal domain is hydrophilic and clearly
separated from the -barrel domain via a hinge region, this domain was
chosen to systematically increase the length of the preprotein. To enable
this, unique restriction sites were introduced in the hinge region, which
connects the -barrel with the periplasmic domain, and at the C termi-
nus of the preprotein. This allowed the construction of genes encoding
preproteins with multiple in-tandem repeats of the periplasmic domain
(residues 194–344) via restriction and ligation (Fig. 1A). Comparedwith
the original proOmpA molecule (347 amino acids; P1), a maximum
4-fold increase in length was obtained with the proOmpA derivative
containing 8 repeats of the C-terminal domain (1397 amino acids;
proOmpA-P8; Table 1). In the construction procedure, a cysteine residue
was also introduced at the extreme C terminus of the protein, which
enables its unique labeling with the thiol-reactive fluorescent dye fluores-
ceinmaleimide. All proOmpAderivativeswere highly expressed and could
be purified from the SecA-compromised E. coli strainMM52 (Fig. 1B).
Rate of Amino Acid Translocation Is Independent of the Preprotein
Length—To examine how the length of the preprotein affects the SecA-
dependent translocation reaction, translocation kinetics of C-terminal
fluorescein-labeled proOmpA derivatives were studied by using a pro-
FIGURE 1. Schematic representation and purification of proOmpA derivatives with
in-tandem copies of the periplasmic domain (n 1, 3, 5, 7). A, the signal sequence,
-barrel, and periplasmic domain are indicated by the gray, white, and black boxes,
respectively. Star, unique C-terminal cysteine residue labeled with fluorescein maleim-
ide. B, 5gof purified proOmpA-P1, P2, P4, P6, andP8were separatedby 10%SDS-PAGE
and stained with Coomassie Brilliant Blue. Positions of molecular mass markers (in kDa)
are indicated.
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tease protection assay followed by direct fluorescent detection in the gel
(22). Quantitative analysis of the labeling efficiency indicated that all
proOmpA derivatives were equally labeled with fluorescein maleimide,
with an efficiency of 45%. This ensures a uniform sensitivity of the
assay for all proOmpA derivatives. Commonly, translocation reactions
are performed with non-saturating preprotein concentrations, i.e.
radiochemical amounts of preprotein. This precludes a quantitative
analysis of translocation as the initial rate will not be at maximal velo-
city. Therefore, we first examined the effect of preprotein concentration
on the translocation rate of the shortest (proOmpA-P1) and longest
(P8) precursor proteins. For both precursor proteins themaximal trans-
location velocitywas reached at a precursor protein concentration of 0.1
M (supplemental Fig. S1). Therefore, this concentration was used in
the rest of the translocation experiments. Because of the large size, the
resolution of the SDS-PAGE gel was insufficient to detect the process-
ing of proOmpA-P2, P4, P6, and P8 into their respective mature forms,
whereaswith proOmpA-P1 the precursor andmature forms of the protein
are clearly visible. Translocation of all fluorescein-labeled proOmpAderiv-
atives into IMVs was dependent on SecA and SecB and stimulated by the
proton-motive force as observed for the wild-type proOmpA (data not
shown). As the proton-motive force alone can drive late stages of pro-
tein translocation, the presence of this energy source would make it
impossible to analyze the effect of the precursor protein length on the
SecA-driven translocation reaction. For this reason, all translocation
reactions are performed in the absence of a proton-motive force (Fig.
2A). All proOmpA derivatives were translocated under those condi-
tions, but clear differences in kinetics were evident. First, as compared
with the wild-type protein (proOmpA-P1), longer proOmpA deriva-
tives show an increased delay in time before translocation can be
detected (120 and 30 s for proOmpA-P8 and P1, respectively) (Fig. 2B).
The estimated delay times from three independent experiments were
averaged and plotted as a function of the protein length. This revealed a
near to linear relationship between the protein length and delay time
(Fig. 2C). Because all proOmpA derivatives are fluorescently labeled at
their extreme C terminus, the results indicate that, for instance,
proOmpA-P1 is translocated faster across the membrane as compared
with proOmpA-P8. Second, within the linear range of translocation, the
translocation rate, expressed as amount of translocated preprotein (in
moles) perminute, decreases reverse proportionally with the preprotein
length (0.77 and 0.16 pmol/min for proOmpA-P1 and proOmpA-P8,
respectively) (Fig. 3A). This is consistent with the notion that a longer
preprotein requires more time to be fully translocated across the mem-
brane. Interestingly, when we express the translocation rate as the
amount of amino acids translocated per minute, the numbers for all
proOmpA derivatives are virtually identical (270 pmol amino acid/
min) (Fig. 3B). This suggests that all proOmpA derivatives are translo-
cated with similar constant rates.
To investigate the ATP consumption during translocation, we meas-
ured the amount of free phosphate released per time unit during the
linear range of translocation. The rate of ATP hydrolysis was similar for
all proOmpA derivatives (1.42 nmol free phosphate/min) (Fig. 3C).
Taking into account that for each of the proOmpA derivatives the rate
of translocation as expressed in number of amino acids per time is
similar, the coupling efficiency to ATP hydrolysis is also comparable.
From these data, it can be calculated that 5 molecules of ATP are
hydrolyzed per translocated amino acid, which suggests a very poor
coupling efficiency in these in vitro experiments.
SecAMotor Function Determines the Kinetics of Translocation—Our
data indicate that the preprotein translocation rate, expressed as amino
acid translocated/time interval, is independent of the length of the pre-
protein. To further examine the SecA motor activity, the influence of
the ATP concentration on the translocation kinetics was determined.
Reducing the ATP concentration below 20 M leads to a drastic reduc-
tion in the translocation rate of proOmpA-P1 (Fig. 4B) and a significant
increase in the delay in time before full-length translocation is detecta-
ble (Fig. 4, A and C). Similar observations were made for the longest
FIGURE 2. Translocation kinetics of proOmpA
derivateswithmultiplecopiesof theperiplasmic
domain.A, translocationofproOmpA-P1,P2, P4, P6,
andP8 into IMVsderived from E. coli strainNN100 in
the absence of a proton-motive force. Reactions
were carried out as described under “Experimental
Procedures.” std, 10%of the inputmaterial. B, quan-
tification of results shown in panel A. ProOmpA-P1
(black squares/solid line), proOmpA-P2 (white trian-
gles/dashed line), proOmpA-P4 (black circles/small
dashed line), proOmpA-P6 (white diamonds/dash-
dot line), andproOmpA-P8 (black upside-down trian-
gles/dotted line). C, experiments shown in panel A
were used to determine the time required to detect
full-length translocation. To obtain more accurate
data for proOmpA-P1 and P2, experiments were
performedusingshorter timesof translocation.Data
are an average of at least three independent
experiments.
TABLE 1
Molecular characteristics of proOmpA derivatives with multiple








P1 1 347 37.3
P2 2 497 53.3
P4 4 797 85.4
P6 6 1097 117.4
P8 8 1397 149.4
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preprotein, proOmpA-P8 (Fig. 4D). From these data, an apparentKm for
ATP for translocation can be calculated of 12–18 M. These results
demonstrate that the delay in full-length translocation for longer pre-
proteins (see Fig. 2) is dependent on the SecA motor function. Taken
together, the results demonstrate that the rate of protein translocation is
controlled by the ATP concentration and independent from the length
of the preprotein.
DISCUSSION
In recent years, our understanding of the structure and function of
components of the bacterial secretion machinery has increased consid-
erably. However, the mechanism of energy coupling to preprotein
translocation is only poorly understood. In addition, the kinetics of
translocation has barely been studied quantitatively. ATP is an essential
energy source, and a key question concerns howATP is utilized by SecA
to drive translocation: Does SecA function as a uni-directional stepping
motor that “pushes” the preprotein through the SecYEG channel, or
does translocation proceed according to a molecular ratchet mecha-
nism? In the lattermechanism, translocationwould be driven by protein
folding at the trans-side of the membrane while directionality to the
process is provided by SecA, for instance by affecting unfolding at the
cis-side and/or by preventing backsliding of the preprotein. An in vitro
translocation assay employing proOmpA as substrate showed that the
translocation reaction at low ATP concentration occurs through a
number of intermediate steps (10–12). These experiments suggested
that SecA is a stepping motor and that a full cycle of ATP binding and
hydrolysis results in the translocation of50 amino acids. Mechanisti-
cally, each step could be subdivided into two distinct translocation
events of25 amino acids, i.e. one elicited by the binding of SecA to the
preprotein translocation intermediate and one driven by binding of
ATP to SecA (11). On the other hand, hydrolysis of ATP is thought to
drive the release of the preprotein from its association with SecA (10–
12). It is, however, important to note that discrete proOmpA transloca-
tion intermediates have been observed only at low ATP concentration
or when translocation is blocked by the addition of non-hydrolyzable
ATP analogues. It is also not known if a fixed step size is used through-
out the translocation reaction. The possibility remains that other factors
contribute to the efficiency of the translocation reaction, such as folding
at the cis- and trans-sides of the membrane (15) or, for instance, inter-
actions of the preprotein with the SecYEG pore wall. Finally, discrete
translocation intermediates have not been reported for other prepro-
teins. Therefore, the length and composition of the polypeptide chain
may influence the phenomenological step size of protein translocation.
We have analyzed the kinetics and energetics of the translocation of
proOmpA derivatives, the length of which has been systematically
increased by adding up to 8 in-tandem domains with a similar amino
acid composition at the C terminus of proOmpA. As repeating unit we
have chosen the periplasmic domain of OmpA because this region is
FIGURE3.Translocation rate andATPhydrolysis ofproOmpAderivativeswithmultiple copiesof theperiplasmicdomain. Experiments shown in Fig. 2wereused todetermine
the initial rate of translocation of the different proOmpA derivatives and used to calculate the initial rate expressed as amount of translocated preprotein (in pmol) per minute (A) or
amount of amino acids (in pmol) per minute (B). C, translocation ATPase activity of the different proOmpA derivatives. ProOmpA derivatives were translocated into IMVs from E. coli
strain NN100 as described in Fig. 2, and the amount of released inorganic phosphatewas determined during the linear range of translocation. All data are an average of at least three
independent experiments.
FIGURE 4. Translocation kinetics at different
ATP concentrations. A, ProOmpA-P1 transloca-
tion into IMVs from E. coli NN100 cells at different
ATP concentrations (5–100 M). B, quantification
of results shown in panel A. ATP concentrations
shown are 100M (white triangles/dashed line), 20
M (blackupside-down triangles/small dashed line),
10M (white circles/dash-dot line), and 5M (black
circles/dotted line). Translocation time required to
detect full-length translocation in relation to the
ATP concentration for proOmpA-P1 (P1) (C) and
proOmpA-P8 (P8) (D). Data are an average of at
least three independent experiments.
SecAMotor
15712 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 281•NUMBER 23•JUNE 9, 2006
 at University of G
roningen on M









polar and clearly distinct from the membrane-embedded -barrel
domain, which constitutes about half the length of the wild-type
proOmpA. SecB preferentially binds theN-terminal-barrel domain of
proOmpA (28). In agreement with this, we observed that the aggrega-
tion of all proOmpA derivatives was effectively suppressed by a stoichi-
ometric amount of SecB (data not shown).We noted that an increase in
the length of the preprotein resulted in a progressive increase in the
delay time before full-length translocation could be detected (30 s to up
to 2min for proOmpA and proOmpA-P8, respectively). From the linear
range of the preprotein translocation reaction, an inverse relation was
observed between the length of the preprotein and the translocation
rate (from 0.77 pmol/min for proOmpA down to 0.16 pmol/min for P8
protein) (Fig. 3A). Importantly, both the delay in time before full-length
translocation is detectable and the linear rate of preprotein transloca-
tion are dependent on the ATP concentration (Fig. 4). This indicates
that the observed effects are directly related to the SecAmotor function.
When we calculate the translocation rate expressed per translocated
amino acid, similar values within the error range are obtained for
proOmpA and proOmpA derivatives, i.e. 270 amino acids/minute
(Fig. 3B). Likewise, the calculated amount of ATP hydrolyzed per trans-
located amino acid, in the linear range of preprotein translocation, is
similar for all preproteins (5molATP/translocated amino acid or 250mol
ATP/50 amino acids). These experimentally determined numbers are
very high and more than expected for a translocation progress of 50
amino acids per turnover of SecA (10, 11). Those high energetic costs
are possibly due to a fraction of proOmpA molecules that become
jammed in the translocase, giving rise to an excessiveATPhydrolysis. At
this stage, the poor coupling efficiency appears to be a general short-
coming/limitation of the E. coli in vitro assay (27) rather than a reflec-
tion of a mechanistic requirement. For instance, for the translocation of
the precursor of maltose-binding protein the ATP requirement seems
much lower than observed for proOmpA.
The conditions employed in the in vitro assays represent multiple
turnovers of the translocase (22). The experimental data show that 4
molecules of proOmpA-P1 (in a total of 1388 amino acids) are translo-
cated in the same time as 1 molecule of proOmpA-P8 (in a total of 1397
amino acids). This implies that, at least in vitro, processes such as pro-
tein targeting and initiation of translocation are only minor contribu-
tors to the total time required to translocate these proteins into the
membrane vesicles. Moreover, these data strongly suggest that the
actual translocation process is rate determining.
The current data are consistent with a mechanism in which translo-
cation occurs in discrete steps wherein each turnover of SecA results in
the translocation progress of a fixed length of the preprotein. Therefore,
this study has provided independent support for a stepping mechanism
of translocation. However, it should be noted that the data do not dis-
criminate between a power-stroke or molecular ratchet mechanism
per se. Translocation may be a combination of both mechanisms. For
instance, the ATP-dependent SecA-mediated power-stroke may not be
employed to actually push the preprotein across the membrane but
instead may cause the opening of the translocation channel that allows
the diffusion of a fixed preprotein polypeptide length. To obtain a more
precise estimate on the steppingmechanism, singlemolecule studies on
translocation events are required.
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